This paper describes the design, fabrication and testing results of aluminum nitride piezoelectric micromachined circular diaphragm energy harvesters with concentric ring-boss structures to convert pulsed pressure to electrical power with high efficiency. Compared to the state-of-the-art, the concentric-ring-boss harvesters (CRBH) produce multiple strained regions for: (1) more effective electrode areas; (2) high charge extraction rates; and (3) high power outputs. Finite element modeling is used to evaluate the effectiveness of the proposed design by comparing stress and stretching energy of various designs. The conventional single-boss and concentric ring-boss harvesters have been fabricated and tested under a mean pressure of 1.5 kPa with 1 kHz frequency. Experimental results show the ring-boss and the conventional single-boss harvesters can generate power of 1.3 and 0.82 μW, respectively. As such, the CRBH is 1.6X higher in energy conversion efficiency and power density as compared to single-boss design of similar dimensions.
INTRODUCTION
Battery replacements have become a practical problem for long-term sustainable implantable systems such as pacemakers, deep brain stimulators, and telemetry systems for epilepsy and chronic pain treatments. In general, patients have to undergo a surgical procedure for battery replacement in every two or three years (depending on personal usage), which is not only a medical risk but also an economic burden. Therefore, it could be desirable to develop an implantable power source which can generate electrical power within the body continuously. Recent advances in device designs of microelectronics and low power circuit have reduced the power requirements for the implantable devices considerably, making energy harvesting within human body even more attracting as a viable solution.
Recent efforts to harvest energy within human body include a vibration based energy harvester utilizing eardrum vibrations [1] ; a glucose fuel cell to convert glucose content of cerebrospinal fluid to electricity [2] ; and a flexible ZnO-based piezoelectric sheet to convert heart and lung deflections to electricity [3] . We aim to make use of pressure fluctuations of body fluids as a power source; thus, in this study we propose a novel circular diaphragm energy harvester design to enhance the power output. Micro-scale pressure energy harvesters generally utilize a circular diaphragm to convert incoming pressure waves to mechanical energy, and the stored mechanical energy is then converted to electrical energy using the piezoelectric effect. Various researchers have proposed pressure harvesters for different applications. Lai et al. proposed a SiC/AlN harvester having electrode covering majority of the surface for high temperature environments and operation frequencies of 1-2 kHz [4] . This harvester has a single-boss structure to increase the stress on the diaphragm and decrease the system natural frequency. Horowitz et al. have proposed a harvester design utilizing the Helmholtzresonance phenomena to convert acoustic waves between 1-4 kHz, and a power density of 0.34 μW/cm 2 u under 149 dB has been reported [5] . Kimura et al. developed a circular diaphragm harvester for audible sound and demonstrated improved power density when operating in the third resonance mode [6] . 
CONCENTRIC RING-BOSSED HARVESTER (CRBH)
In this study, our aim is to develop a harvester which is capable of converting pressure fluctuations in fluid medium with increased power density and higher efficiency. The majority of the designs for pressure energy harvesting utilize either a single-boss structure or multiple electrodes. The boss structure can reduce the natural frequency of the whole system and increase the stress around the boss and membrane interface regions. However, the area on top of the boss itself becomes a zero-strain region without the possibility to generate extra charges. On the other hand, the placement of multiple electrodes around the membrane can cover larger stressed regions to increase harvested energy. However, the electrodes need to be placed at regions that have large strain under the applied pressure to be effective. However, as the high strain areas generated under the fundamental vibration mode are fully covered by electrodes, the second or higher vibration modes will be required for larger areas with high strain regions and the structural frequency will increase considerably. The concentric ring-boss design together with multiple electrodes can increase the high stress regions on diaphragm while operating under the fundamental vibration mode. Figure 1 illustrates the design of CRBH with a circular diaphragm and a concentric ring and boss underneath. [10] .
The concentric ring-boss structures provide several high stress regions on top of the diaphragm in operation under the first mode. For example, the single ring structure as shown in Figure 1a produces two high stress regions as compared to the single high stress region from the single-boss structure. Depending on the application and operating frequency, it is also possible to increase the number of the ring structures to increase the number of strained regions on the diaphragm. Figure 1b shows critical dimensions of the CRBH, such as overall radius of the diaphragm, R1, outer radius of the ring, R2; width between the ring and boss, w; and the distance from the center of the diaphragm to the midpoint between the edge of the boss and the inner radius of the ring, ro. In order to show the effect of the proposed design, Comsol finite element program was used to simulate stress generated on the harvester diaphragm upon an applied pressure. Figure 1d shows the stress generated on the CRBH for different combinations of ro and w. Compared to the conventional design shown in Figure 1c , the proposed design has larger stress concentration regions while preserving the amplitude of the maximum stress. By utilizing a piezoelectric layer as a diaphragm, the enhanced stress regions can provide additional charge extractions for higher power outputs.
In order to show the effect of this design, we investigated mechanical energy of the diaphragm upon applied pressure [7, 8] . The work done on the diaphragm when a pressure is applied consists of stretching (due to extension of the middle plane of the diaphragm) and bending (due to transverse deflection) components. Because stretching energy, Vs, is orders of magnitude higher than the bending energy, Vb; we focus on Vs generated on the diaphragm which is calculated as:
where εr and εθ are radial and circumferential strains, respectively; νp is the Poisson's ratio; Ds is the stretching stiffness; and r is the radial coordinate. Figure 2 shows the simulated stretching energy versus ro for the boss-ring structure of different w and single-boss harvester. These harvesters have 1.25 mm as R1, and the outer radius of the ring structure, R2, is 1.1 mm. According to the simulation results, the proposed design is able to generate 1.75x higher stretching energy with ro of 600 μm and w of 300 μm as compared with the conventional single-boss structure. As such, the piezoelectric material is able to generate more energy per unit time compared to the conventional design.
Another critical element that should be considered is the radial electrode width [9] . An optimization study was as shown in The simulated single-ring CRBH design has the same configuration as in Figure 2 with ro and w of 600 μm and 200 μm, respectively. It can be seen that the electrode radial width, L, can influence the maximum power output and maximum power output is obtained for L=60 μm which corresponds to an area coverage of 36% along the width of the harvester. Furthermore, the widths included a 5 µm "non-active" portion on top of boss or ring regions to account for possible misalignments during the electrode fabrication process. piezoelectric layer. The first Mo metal layer was patterned to form the top electrode by a chlorine-based reactive ion etching process, then the active AlN layer was patterned to allow contacts from the bottom electrode. Finally, diaphragms were released after backside deep reactive ion etching (DRIE) process. Figure 3b shows the fabricated chips which have both the proposed CRBH and the single-bossed harvesters on $1-cent US coin. All of the fabricated harvesters have a diaphragm radius, R1, of 1250 µm. In order to employ a fair comparison between the two designs, the single-bossed harvester has a boss radius of 1100 µm, while the CRBH's all have outer ring radius, R2, of 1100 µm with different combinations of ro, w, and L.
CHARACTERIZATION
In order to characterize the proposed CRBH and compare its performance with respect to the conventional single-boss harvester, a test setup mimicking a pulsed-pressure environment was built. A commercial rotating fan having equally spacing slits was utilized and connected to a rotational speed controller circuit. Figure 5 depicts the setup. A pipe with static airflow is mounted on top of the fan and the harvesters and frequency of pressure pulsations was controlled by adjusting the rotation speed of the fan. A pressure sensor is placed next to the harvester to measure the frequency and the amplitude of the pulsations. In order to give quantitative expressions for the amplitude of the pressure fluctuations, it was presented as rms values in the experimental results. Table 2 gives the dimensions of the tested harvesters. Since there are several electrodes on the harvester, various types of electrical connections can be made for the characterizations. The first type employed here was to verify the polarity of the generated electric fields of the oppositely stressed regions (i.e. compressive and tensile) which can be done by dividing the electrodes into groups and coupling them with the ground electrode [11] . Figure 6 shows the measured pressure pulsation waveform around the harvesters at 1 kHz with the rms pressure of 0.95 kPa and maximum pressure of 2.34 kPa. Figure 7 gives the voltage readings of the harvesters to verify the oppositely stressed regions to be in opposite polarity when excited. Due to the relatively high natural frequency of the harvester compared to the excitation frequency, oscillations with frequency of approximately 22 kHz are also visible in the voltage-time plot. Another and probably more practical method is illustrated in the Figure 5 , where resistive load is connected to ends of oppositely stressed regions and bottom electrode is connected to a common ground to simplify the routing and to increase the output voltage. Figure 8 shows the characterization results and comparison between the voltage and power outputs of the proposed CRBH and the singleboss structure with similar dimensions. It should be noted that due to the 1MΩ internal resistance of the oscilloscope, it was not Figure 8a shows power output from the harvesters when excited with rms pressure of 1.5 kPa at frequency of 1 kHz. Because of the lower internal resistance of the CRBH, the optimal resistance of the tested harvester was observed during experiments. On the other hand, for the single-boss harvester, due to the oscilloscope's internal resistance limitation, it was not possible to go beyond the optimal point. However, it can be seen that power plot of the single-boss harvester was already saturated around 0.8 MΩ, thus does not affect its maximum power output considerably. Figure 8b is the voltage output for when various load resistances were connected to the harvesters.
The proposed CRBH design was able to generate 1.3 μW, while the single-bossed harvester generated 0.82 μW under similar conditions. Conversion efficiency for pressure energy harvesters can be calculated using Π=Pout/(IA), where Pout is the output power, and I is intensity of incoming pressure waves, and A is the surface area [12] . The conversion efficiencies for the characterized CRBH and single-bossed harvester are calculated as 0.0051% and 0.0032%, respectively. Therefore, it is evident that the proposed CRBH is able to generate higher power output that the single-boss harvester under same conditions.
CONCLUSION
Concentric ring-boss harvesters have been designed, fabricated, and tested. The CRBH is similar to the conventional single-boss harvesters in terms of fabrication but has the advantages of higher power output and better energy conversion efficiency. Furthermore, the number of ring structures can be increased to further increase the energy conversion efficiency, which might bring fabrication challenges especially during backside deep-reactive-ionetching process. Another advantage of the CRBH is that it allows for various electrical routing possibilities such as series or parallel connections of electrodes. By using serially connected electrodes, from the CRBH with diaphragm radius of 1.2 mm, maximum power of 1.3 μW (1.6X increase as compared to the single-boss harvester) was generated under the rms pressure of 1.5 kPa at 1 kHz, which translates as a power density of 26.5 μW/cm 2 . It is believed that such kind of harvester having higher conversion efficiency would be critical, especially under low frequency excitations, such as human body. In future studies we will be exploring the usage and effectiveness of the proposed device in low frequency environments.
